) asymptomatically colonizes approximately 20% of adults; however, GBS causes severe disease in susceptible populations, including newborns, pregnant women, and elderly individuals. In shifting between commensal and pathogenic states, GBS reveals multiple mechanisms of virulence factor control. Here we describe a GBS protein that we named "biofilm regulatory protein A" (BrpA) on the basis of its homology with BrpA from Streptococcus mutans.
survival, autolysis, and antibiotic resistance [6, 12, 13] . LCP proteins help tether polysaccharides to the cell wall [14] [15] [16] and link WTAs to mature peptidoglycan [17] . GBS possesses 3 LCP family proteins, including the previously characterized cpsA, a member of the CPS synthesis operon [6] .
Recent molecular insights have highlighted LCP proteins as targets for drug discovery to counteract antibiotic resistance [13, 17] . Here, we designate a previously uncharacterized GBS LCP protein as "biofilm regulatory protein A, " encoded by brpA, on the basis of its sequence and phenotypic similarities to Streptococcus mutans BrpA [18] . We describe a key role for BrpA in GBS cell chain length, biofilm formation, resistance to whole-blood and neutrophil-mediated killing, vaginal colonization, and systemic virulence, while providing a first look at the genome-wide transcriptional consequences of BrpA deficiency.
METHODS

Bacterial Strains and Growth Conditions
GBS CNCTC 10/84 serotype V (catalog no. 49447; American Type Culture Collection [ATCC] ) and isogenic strains were grown to stationary phase at 37°C in Todd-Hewitt broth (THB; Hardy Diagnostics) supplemented with 50 µg/mL erythromycin when needed. Cultures were diluted in fresh THB and incubated at 37°C until mid-logarithmic phase (defined as an OD 600 of 0.4).
Construction of the GBS brpA Insertional Mutant
Targeted insertional mutagenesis of brpA (GenBank accession no. AIX04136.1 and National Center for Biotechnology Information [NCBI] reference sequence WP_000708159.1) was performed using the vector pHY304 as described previously [19] and detailed in the Supplementary Methods.
GBS Chain Length, Growth, and Autolysis
Bright field images were obtained from random fields at 630 times the original magnification on a Zeiss Axio Scope.A1 with AxioCam mRm. Chain length was determined by counting 25 chains per strain per independent experiment, repeated twice. GBS cultures were grown in THB at pH 5.0, 6.0, or 7.0, and the OD 600 was determined every 30 minutes for 5 hours. For autolysis, cultures were resuspended in phosphate-buffered saline (PBS) at an OD 600 of 0.4, incubated at 37°C, with turbidity measured every 30 minutes, and normalized to T = 0.
Biofilm Formation and Microscopy
GBS biofilms were assessed as described elsewhere [20] , with 1 adaption: assays were performed in a 200-µL volume, using 96-well plates. For fluorescence microscopy, biofilms were stained with 1 µM Syto13 (Molecular Probes) for 15 minutes, and fluorescent images were obtained at 100 times the original magnification on a Zeiss Axio Scope.A1 with AxioCam mRm.
Epithelial Adherence
Human vaginal epithelial cells (VK2; catalog no. CRL-2616; ATCC) were grown in keratinocyte serum-free medium (Life Technologies), and bladder epithelial cells (HTB-9; catalog no. 5637; ATCC) were grown in Roswell Park Memorial Institute 1640 medium with 10% fetal bovine serum. Cell lines were cultured at 37°C with 5% CO 2 . Adherence assays were conducted as described previously [21] at a multiplicity of infection (MOI; calculated as the GBS to cell ratio) of 10:1.
Human Whole-Blood and Neutrophil Killing Assays
Under approval from the UC-San Diego institutional review board, under protocol 070278X, venous blood specimens were obtained under informed consent. Hirudin and heparin were used as an anticoagulant for whole blood and neutrophil isolation, respectively. Neutrophils were isolated using PolymorphPrep (Axis-Shield). For the whole-blood killing assay, 90 µL of blood and 10 µL containing 1 × 10 6 colony-forming units (CFU) of GBS were incubated at 37°C with rotation for 30 minutes, and plated on THB agar, and GBS survival was calculated as a percentage of the inoculum. Neutrophil killing and oxidative burst assays were performed with GBS at a MOI of 1:1 as described previously [22] .
Animal Experiments
Animal experiments were approved by the UC-San Diego Institutional Animal Care and Use Committee. Female CD-1 mice aged 3-4 months were purchased from Charles River Laboratories. Blood specimens were collected via cardiac puncture and killing assays conducted as described above. For neutrophil experiments, neutrophil migration was stimulated by injection of 1mL of 3% thioglycollate intraperitoneally, and 18 hours after injection, peritoneal lavage was performed using PBS with 5 mM ethylenediaminetetraacetic acid. Neutrophils composed 85%-90% of the total cell population, as determined by Giemsa staining; killing assays were conducted as described above. Vaginal colonization studies were conducted as described [23] . Wild-type (WT) and ΔbrpA bacteria were combined at a 1:1 ratio, and mice were inoculated with 10 μL (2 × 10 7 CFU total) into the vaginal tract. The vaginal lumen was swabbed daily, and recovered GBS were quantified on ChroMagar StrepB (DRG International) with or without 50µg/ mL erythromycin, to distinguish strains. For sepsis studies, WT and ΔbrpA bacteria were combined at a 1:1 ratio, and mice were injected with 100 µL (2 × 10 7 CFU total) intraperitoneally. After 24 hours, blood specimens were collected via cardiac puncture, and kidneys and spleens were homogenized by adding PBS and silica beads (diameter, 1 mm; Biospec) and shaking at 6000 rpm for 60 seconds, using a MagNA Lyser (Roche). Blood and tissue homogenates were plated on agar with or without 50 µg/mL erythromycin, to distinguish strains.
RNA Sequencing and Bioinformatic Analysis
GBS strains were grown to an OD 600 of 0.8 in THB at 37°C and subjected to RNA sequencing. Transcriptional analysis of WT and ΔbrpA strains is detailed in the Supplementary Methods.
Data Availability
The RNA sequencing data set is deposited at the NCBI Sequence Read Archive (accession no. SRP140532). Other data sets and materials generated and analyzed during this study are available from the corresponding author on request.
Statistical Analyses
All data were collected from at least 3 biological replicates performed in at least technical duplicate as detailed in Supplementary Methods. Statistical analyses were performed using GraphPad Prism, version 7.03. P values of <.05 were considered statistically significant.
RESULTS
GBS BrpA Is a Member of the Conserved LCP Family of Proteins
Mass spectrometry of GBS CNCTC 10/84 surface and secreted proteins identified multiple peptide sequences produced by the gene locus W903_0426. CNCTC 10/84 (Gene Expression Omnibus accession no. CP006910.1) locus W903_0426 (GenBank accession no. AIX04136.1; NCBI reference sequence WP_000708159.1), has a predicted 435-amino acid product, which we designate "biofilm regulatory protein A" (BrpA), encoded by brpA. Bioinformatic analysis revealed an LCP domain at residues 81-239 (PF03816) [24] . A transmembrane helix model predicted an N-terminal cytosolic domain (residues 1-6) and 1 transmembrane helix (residues and that the remaining portion would be extracellular [25] (Supplementary Figure 1) , in agreement with previous analyzes [26] . Within S. agalactiae (taxID: 1311), protein BLAST analysis of WP_000708159.1 found 35 additional unique sequences (representing 678 genomes) with ≥97% sequence identity. Protein-protein BLAST analysis showed 68% identity to Streptococcus pyogenes LytR (NCBI reference sequence WP_063811833.1). Subsequent alignment with S. pyogenes LytR, Streptococcus dysgalactiae LytR (NCBI reference sequence WP_042357980.1), and BrpA in S. mutans (WP_019316206.1) was performed ( Figure 1 ). The LCP domain (amino acids 81-239) exhibited 75% identity across all 4 species. A previous cluster analysis categorized BrpA into LCP cluster F2 containing LytR/BrpA-like proteins of Firmicutes [26] . The other GBS LCP proteins, previously characterized CpsA (NCBI reference sequence WP_000064987.1), and a yet uncharacterized LCP protein (NCBI reference sequence WP_000089333.1) were grouped to cluster F3 and F1 (Supplementary Figure 1) .
GBS BrpA Deficiency Influences Cellular Chain Length, Pigmentation, and
Acid Tolerance LCP proteins control cell envelope maintenance, chain length, and stress responses [13, 18, 27, 28] . To assess the impact of GBS BrpA, we generated an insertional mutant (ΔbrpA), using pHY304 to disrupt brpA [19] . Bright-field microscopy revealed a 6-fold increase (P < .0001) in the chain length of mid-logarithmic-phase GBS ΔbrpA (Figure 2A) , with median chain length of 4 cells for the parental WT strain and 26 for the ΔbrpA strain. Transmission electron microscopy revealed no notable aberrant differences in cell shape, size, division planes, nucleoid structure, or cell-envelope electron density in the ΔbrpA strain (Supplementary Figure 2) . Separation of GBS ΔbrpA dividing cells appeared similar to that of the WT strain; cells within chains were attached only by the outermost cell wall components (Supplementary Figure 2) . Cellular morphology changes have been reported in LCP double or triple mutants [12, 13, 15] , but deficiency of only 1 LCP protein may not impact cell division or morphology [12] . Complementation of ΔbrpA by using a full-length brpA construct under constitutive expression failed to yield viable colonies. Alternatively, the ΔbrpA mutant was serially passaged in the absence of Erm and screened for loss of the insertion (henceforth referred to as "revertant strains").
LCP protein CpsA regulates capsule production in GBS [6] , which influences buoyancy in liquid culture. Likewise, in planktonic culture, ΔbrpA organisms exhibited diminished buoyancy as compared to the WT and revertant strains ( Figure 2B ). Remarkably, ΔbrpA colonies possessed enhanced pigmentation with red/orange granadaene [29] , compared with WT and revertant strains ( Figure 2C ). Since pigmentation and hemolytic activity have been positively correlated historically [19] , we examined hemolytic activity of ΔbrpA, using live bacteria and hemolytic extracts (Supplementary Figure 3) . Interestingly, there was no difference in hemolysis between the WT and ΔbrpA strains, with the nonhemolytic ΔcylE strain serving as a negative control. It has been proposed that granadaene and β-hemolysin are the same molecule [30] ; however, we observed WT hemolytic extracts could be partially inactivated with a variety of proteases, suggesting a proteinaceous nature of β-hemolysin (Supplementary Figure 3) . Although rare, hyperpigmented GBS strains that are not also hyperhemolytic have been reported [31] .
LCP proteins influence tolerance to environmental and antimicrobial stressors [28, 32] . Although GBS ΔbrpA exhibited no growth defect at neutral pH level of 7.0, at acidic pH levels of 6.0 or 5.0 it demonstrated significantly impaired growth as compared to WT and revertant strains ( Figure 2D ). In contrast, WT and ΔbrpA strains had equivalent susceptibility to β-lactams antibiotics, chloramphenicol, LL-37, lysozyme, and hydrogen peroxide in minimum inhibitory concentration assays (Supplementary Table 1 ). In S. mutans, Psr deficiency likewise does not impact susceptibility to antimicrobials or oxidative stress [12] , indicating that LCP proteins differentially influence susceptibility to stressors.
BrpA Supports Cell Survival, Biofilm Formation, and Epithelial
Colonization
We observed similar rates of autolysis between WT (33%) and ΔbrpA (36%) strains in PBS ( Figure 3A ), but cell viability was significantly affected in planktonic cultures. BrpA deficiency led to a 10-fold reduction in viable CFU by day 4 of culture (P = .0055) and a 40-fold reduction (P < .0001) by day 5 ( Figure 3A) , although cultures achieved similar pH (approximately 4.5) at all time points (data not shown).
To assess biofilms, WT and ΔbrpA strains were grown on tissue culture-treated polystyrene for 24h and adherent biomass determined by crystal violet staining [20] . GBS ΔbrpA was significantly attenuated for biofilm formation, compared with the WT (P = .0005) and revertant (P = .0174) strains ( Figure 3B ). Biomass did not differ between WT and revertant strains (P = .1840).
Since modification of cell wall components, including the GBC and WTA, impact retention of crystal violet within the cytoplasm [11] , we visualized biofilms, using the nucleic acid stain Syto13. Fluorescent images confirmed crystal violet quantification, with limited binding and sparse colonies formed by the ΔbrpA strain as compared to the WT strain ( Figure 3B ). GBS strains were incubated with human vaginal (VK2) or bladder (HTB-9) epithelial cells at a MOI of 10:1 for 30 minutes. In both cell types, the ΔbrpA strain showed significantly lower adherence, compared with the WT strain (P = .0006 for both VK2 and HTB-9 cells; Figure 3C ). To characterize effects of BrpA-deficiency in vivo, we used a vaginal colonization model with WT and ΔbrpA strains administered in competition. Female CD-1 mice were vaginally inoculated with 1 × 10 7 CFU each of WT and ΔbrpA strains (2 × 10 7 CFU total/mouse). The vaginal lumen was swabbed daily to measure GBS persistence over 3 days. On all days tested, WT strain loads were significantly higher than ΔbrpA strain loads, with median differences of 5.5 × 10 5 CFU (P < .0001) on day 1, 3.6 × 10 5 CFU (P = .0002) on day 2, and 4.2 × 10 4 CFU (P = .0002) on day 3 ( Figure 3D ). Collectively, defects in biofilm formation, epithelial adherence, and vaginal persistence of the ΔbrpA mutant are evidence that BrpA is an important GBS determinant for successful mucosal colonization.
BrpA Deficiency Increases GBS Susceptibility to Human Blood and Neutrophil Killing
To assess BrpA in pathogenesis, ex vivo killing assays were performed in human blood specimens. Within 30 minutes, only a median of 10.9% of ΔbrpA organisms were recovered, compared with 72.4% of WT organisms (P = .0089) and 51.1% of revertant organisms (P = .0589; Figure 4A ). Likewise, in neutrophil killing assays, only a median of 11.5% of ΔbrpA organisms were recovered, compared with 76.4% of WT organisms (P = .0152) and 78.4% of revertant organisms (P = .0140; Figure 4B ). Neutrophil reactive oxygen species release was significantly greater upon challenge with the ΔbrpA strain as compared to the WT strain (P = .0421; Figure 4C ), likely contributing to more-efficient killing of ΔbrpA bacteria. Thus, loss of BrpA compromises GBS resistance to blood immune components, particularly the microbicidal activity of neutrophils.
GBS ΔbrpA Contributes to GBS Survival In Vivo
LCP proteins influence virulence in invertebrate and vertebrate models [6, 28, 33] . Mouse whole-blood specimens killed ΔbrpA organisms (median survival, 33.3% of the inoculum) more efficiently than WT organisms (109.3%; P = .1687) and revertant organisms (123.3%; P = .0327; Figure 5A ). Similarly, murine peritoneal-derived leukocytes (85%-90% neutrophils) killed ΔbrpA organisms (median survival, 30.0% of the inoculum) more effectively than WT organisms (80.5%; P = .0012) and revertant organisms (70.1%; P = .0273; Figure 5B ). To characterize BrpA-deficiency in vivo, we used a systemic infection model with WT and ΔbrpA bacteria administered in competition. Mice were infected intraperitoneally with 1 × 10 7 CFU each of the WT and ΔbrpA strains (2 × 10 7 CFU total/mouse), and 24 hours after infection, blood and tissue specimens were collected. Mice effectively cleared both WT and ΔbrpA organisms from the blood, with no bacteria detected in 10 of 15 and 14 of 15 mice, respectively ( Figure 5C ). However, WT bacterial loads were significantly higher than ΔbrpA bacterial loads in both spleens (median difference, 4941 CFU/g; P = .0012) and kidneys (297.4 CFU/g; P = .0273; Figure 5C ). 
BrpA Deficiency Alters GBS Gene Expression
LCP proteins have been identified as transcriptional attenuators, with substantial changes of >200 genes reported [27, 28, 34] . RNA sequencing revealed 793 genes differentially expressed ≥2-fold in the ΔbrpA strain as compared to the WT strain (383 were upregulated and 410 were downregulated; P < .05; Supplementary Tables 2 and 3 ). Maximum changes in gene expression were approximately 50-fold. Genes were categorized into 25 functional groups on the basis of RAST annotations to determine molecular pathways differing between the WT and ΔbrpA strains ( Figure 6 ). Data were analyzed using the 2-tailed Wilcoxon matched-pairs signed rank test with Spearman rank-order correlation. ***P < .001, **P < .01, and *P < .05. NS, not significant.
The most-pronounced differences between strains were genes involving protein metabolism (45% and 20% of fragments per kilobase of transcript per million mapped reads [FPKM] in ΔbrpA and WT strains, respectively) and carbohydrate uptake/ fermentation (13% and 39% of FPKM, respectively). BrpAdeficient GBS showed a propensity for protein synthesis, with increased expression of ribosomal proteins, transfer RNA ligases, and amino acid transporters. Additionally, RNA metabolism was enhanced in the ΔbrpA strain (3.5% of FPKM), compared with the WT strain (1.7% of FPKM).
Transcriptional Regulation
We observed significant changes to 37% of the genome in GBS ΔbrpA, which was more than reported for other LCP mutants [27, 33] . These marked changes may largely be attributed to changes in global transcriptional regulators. GBS has 21 two-component systems (TCS) critical for controlling virulence, adherence, resistance to host defenses, and bacterial metabolism [35] . CovRS, which regulates approximately 27% of the entire genome [35] , was not impacted by BrpA deficiency. However, 7 TCS were downregulated in GBS ΔbrpA, including LytST, FspSR, NsrRK, and 4 TCS, which remain uncharacterized. One TCS, dtlRS, was upregulated in ΔbrpA organisms.
Global regulator codY was upregulated in GBS ΔbrpA. CodY has roles in biofilms, acid tolerance, and the stringent response and production of (p)ppGpp [36] . Increased codY expression may in part explain increased pigmentation of the ΔbrpA strain, as a recent study reported decreased pigmentation in ΔcodY [7] .
Stress Response
Transcripts for stress responses were twice as abundant in the ΔbrpA strain (2% of FPKM), compared with the WT strain (1% of FPKM), matching phenotypic data of decreased tolerance for acid stress. GBS homologues (arcABCD) of the arginine deiminase system, a well-known streptococcal mechanism of countering acid stress, were >10-fold downregulated in GBS ΔbrpA.
Cell Wall Synthesis
Transcriptional expression of cell wall synthesis pathways was moderately expanded in ΔbrpA organisms (3.9% of FPKM), compares with WT organisms (2.6% of FPKM), which may be compensatory if these components are not appropriately anchored. The GBC, CPS, and peptidoglycan biosynthesis operons were increased in GBS ΔbrpA by >2-fold. Related cell surface proteins penicillin binding protein 2 (Pbp2) and Pbp2X were upregulated 4-fold and 2-fold, respectively, in the ΔbrpA strain. Enzymes predicted to synthesize LTA were increased 2-4-fold in ΔbrpA organisms, as was the dlt operon responsible for d-alanine incorporation into LTA, and iagA, which forms the diglucosyldiacylglycerol membrane anchor for LTA [37] .
Pathogenesis and Host Interactions
Virulence gene expression was expanded in GBS ΔbrpA (7.0% of FPKM) as compared to WT GBS (4.9% of FPKM). Several adhesins were upregulated in the ΔbrpA strain, including PilB, Srr1, fibrinogen binding proteins FsbA and FbsB, and the fibronectin-binding protein sfbA. Additionally, factors important to complement evasion, C5a peptidase and C3-degrading proteinase, were upregulated. Members of the cyl operon, with roles in β-hemolysin and pigment production, were downregulated approximately 4-fold, as was Camp factor, by approximately 3-fold.
DISCUSSION
GBS remains an important pathogen in vulnerable populations, including neonates and elderly individuals [2] . Current antibiotic prophylaxis and treatment and the success of future vaccine and therapeutic strategies depend on targeting GBS surface physiology. We characterize BrpA, an LCP family protein, and demonstrate roles in cell separation, biofilm formation, colonization, and virulence. LCP expression is growth-phase dependent and typically highest in the early stationary or midlog phases of growth [18, 28, 32] ; similarly, GBS brpA expression is 7-fold higher at the mid-log phase, compared with expression during the stationary phase [38] . GBS brpA expression is downregulated in human blood [39] but is not effected by pH [40] or induction of the stringent response [7] . Furthermore, brpA is not regulated by TCS LiaRS [41] , RgfAC [42] , or CovRS [40] . Prior screens had suggested that brpA is not an essential gene [43] , and we have confirmed this here by insertional disruption. We noted several changes in GBS physiology with loss of brpA organisms, including sedimentation during growth. Loss of buoyancy can result from either GBC [11] or capsule [6] deficiency or can arise due to self-aggregation from loss of d-alanine residues in LTA [44] . LCP proteins affect capsule expression in S. pneumonia [45] , S. aureus [46] , and GBS [6] , resulting in self-agglutination and sedimentation [13, 33] . Similar to other LCP mutants, including GBS CpsA [6, 18] , ΔbrpA strain elongated chains led to a 6-fold CFU reduction at an OD identical to that of the WT strain; thus, assays yielding small CFU differences (<10-fold) between WT and ΔbrpA strains are difficult to interpret. When feasible, we made adjustments for the impact of chain length by expressing CFU data as a percentage of CFU input (Figures 4 and 5) . In gram-positive bacteria, longer chains correspond to reduced activity of autolytic enzymes [47] , and, accordingly, we found that autolysin/murein hydrolase LrgA was downregulated in the ΔbrpA strain. Many LCP mutants display accelerated autolysis [12-14, 18, 34] , but under our conditions, BrpA deficiency did not alter autolysis, as reported for MsrR deficiency in S. aureus [32, 33] . Over days, GBS BrpA deficiency accelerated death in static culture, and upregulation of RecA and ClpXP protease homologues support involvement of apoptosis-like programmed cell death pathways [48] . Aberrant stress responses may contribute, since ΔbrpA organisms also demonstrated reduced acid tolerance, a common trait of LCP mutants [12, 27] .
Loss of BrpA influenced GBS-host interactions in both colonization and disease, including a severe biofilm defect. Several surface constituents, including pilus type 2a [49] , antigens I/II [20] , and CPS [5] , promote biofilms, yet all of these constituents are aberrantly expressed in GBS ΔbrpA, so identification of precise components responsible for the biofilm deficit is a limitation of this study. BrpA plays a prominent role in GBS survival in human whole blood and GBS resistance to neutrophils, likely through modification of CPS. GBS CPS is vital to survival in blood [7] , and its abundant terminal sialic acids suppress neutrophil function through engagement of inhibitory sialic acidbinding immunoglobulin-like lectins (ie, Siglecs) [35] . In vivo, GBS ΔbrpA was recovered in significantly lower abundance in host tissues in the presence of WT organisms, implying that bacterial fitness, rather than host immune response, is the main contributor of decreased virulence of BrpA-deficient GBS.
BrpA deficiency resulted in significant transcriptional changes to approximately 48% of the entire genome, with a ≥2-fold change in 37%. These changes appear specific to the loss of brpA and not to polar effects, as expression of immediately downstream loci were not different from findings for WT organisms (Supplementary Figure 4) . Of note, transcript expression of several cellular processes contrasted with phenotypic results, a discordance all too familiar in biology. Specifically, while levels of several adhesin transcripts were increased, GBS ΔbrpA consistently displayed decreased epithelial adherence (Figure 3 ). Possible explanations include increased capsular expression in GBS ΔbrpA, which itself inhibits adherence [50] , or improper anchoring of adhesins. Additionally, expression of the cyl operon responsible for granadaene [29] was downregulated in ΔbrpA organisms, yet colony pigmentation was increased Percentage of FPKM Figure 6 . Transcriptome analysis of wild-type (WT) and ΔbrpA strains reveals multiple changes to bacterial physiology and metabolism. Late-logarithmic group B Streptococcus (GBS) cultures were subjected to RNA sequencing. Genes were categorized into RAST functional group and data expressed as the percentage of fragments per kilobase of transcript per million mapped reads (FPKM).
( Figure 2) . None of the known cyl regulators, including CovRS and RovS, were altered in ΔbrpA organisms, suggesting there remain undescribed transcriptional or posttranslational regulators of the cyl operon. Additionally, the disconnect between phenotypic pigmentation and hemolytic activity of the ΔbrpA strain (Supp. Figure 3 ) adds to the complexity of the unique nature of GBS pigmentation and β-hemolysis. Genetic manipulation of brpA will serve as a tool for future discoveries. The magnitude of transcriptional changes during brpA deficiency may explain our failure to obtain viable complementation under constitutive expression. Conversely, constitutive expression of cpsA is not lethal [6] . LCP proteins play distinct roles in cell wall maintenance but may also compensate for each other [16, 17] , and increased expression of cpsA (by >2-fold) in ΔbrpA organisms corroborates this. Deletion of all 3 LCP enzymes in Staphylococcus aureus does not appear to influence surface protein anchoring [15] , but this cannot yet be ruled out in GBS, since expression of several sortases were increased in GBS ΔbrpA. Contribution of each GBS LCP protein to proper surface anchoring of GBC and CPS is a topic of future study.
LCP proteins are exclusive to bacteria and universally found in gram-positive organisms [26] . As such, they are appealing targets for antimicrobial therapies. Our observations support that the LCP protein BrpA is one such target, owing to its critical involvement in GBS cell wall modification to promote both successful colonization and blood survival within its human host.
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